Objective-Previous genetic lineage tracing studies showed that Sox10 + cells differentiate into vascular mural cells, limited to neural crest-derived blood vessels in craniofacial tissues, aortic arch, pulmonary arch arteries, brachiocephalic, carotid arteries, and thymus. The purpose of this study was to investigate the contribution of Sox10 + cells to the vascular development in other tissues and organs and their relationship with neural crest. Approach and Results-Using genetic lineage tracing technique based on Cre/LoxP system, we examined blood vessels in the adult organs of the mice expressing Sox10-Cre/Rosa-LoxP-red fluorescent protein or Wnt1-Cre/Rosa-LoxP-red fluorescent protein by immunohistological analysis. In addition to previously reported tissues and organs derived from neural crest, we showed that Sox10 + cells also contributed to vascular mural cells in the lung, spleen, and kidney, which are derived from non-neural crest origin as evidenced by red fluorescent protein-negative blood vessels in these 3 organs of Wnt1-Cre/Rosa-LoxP-red fluorescent protein mice.
V ascular smooth muscle cells (SMCs) have been reported to be heterogeneous in phenotype, marker expression, and their origins. [1] [2] [3] During development, SMCs are mainly derived from mesodermal and neural crest cells. [1] [2] [3] Using quail-chick chimera techniques, several research groups found that neural crest cells gave rise to pericytes and SMCs in craniofacial region, aortic arch and pulmonary arch arteries, brachiocephalic, and carotid arteries. [3] [4] [5] In recent years, genetic lineage tracing mouse models based on Cre/LoxP system have been developed to label neural crest cells during development, such as Wnt1-Cre and Sox10-Cre/CreER. Wnt1 and Sox10 are expressed in early and postmigratory neural crest cells, respectively. [6] [7] [8] Wnt1 has been generally thought to be a strict marker for neural crest cells, and it is not expressed after neural crest cells migrate away from the neural tube. 6 In contrast, Sox10 is expressed in both neural crest and other non-neural crest lineages, such as oligodendrocytes and inner ear, during development, 7, 9 and its expression continues in later development and adult tissues, mainly in the central and peripheral nervous systems, 10 which was demonstrated by several reporter mouse lines, such as Sox10-rtTA, 11 Sox10-Venus, 12 Sox10-Cre, 13 and Sox10-CreER.
14 Studies on vascular development using Sox10-Cre/CreER mice showed that Sox10 + cells differentiated into pericytes and SMCs in the brain, 14 eye, 15 thymus, 16, 17 ascending aorta, aorta arch, and carotid arteries, 13 and the neural crest origin of these cells were verified by the studies on quail-chick chimera or Wnt1-Cre mice. [3] [4] [5] 16, 18 In addition, the study on Wnt1-Cre mice also suggests that neural crest cells give rise to SMCs of coronary arteries in the heart, 18 although there is no such report on Sox10-Cre mice.
In our recent studies, Sox10 + adult stem cells were identified in many large blood vessels all over the body after vascular injury or in explant culture, [19] [20] [21] which raised questions on whether Sox10 + cells participate in general vascular development and whether they are derived from neural crest. To address these questions, we generated Sox10-Cre/Rosa-LoxPred fluorescent protein (RFP) and Wnt1-Cre/Rosa-LoxP-RFP mice and examined RFP + blood vessels in the adult organs of each mouse line by immunohistological analysis.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results
We first examined the blood vessels of Sox10-Cre/Rosa-LoxP-RFP mice. It was consistent with previous reports that RFP labeled SMCs in the carotid artery of Sox10-Cre/Rosa-LoxP-RFP mice, which were immunostained by smooth muscle myosin heavy chain (MYH11), a marker of mature SMCs ( Figure 1A ). The SMCs of the descending thoracic aorta ( Figure 1B 
Discussion
Sox10 is expressed in neural crest cells, oligodendrocytes, and otic vesicle during development, and its expression is mainly in the central and peripheral nervous systems of adult. [3] [4] [5] [10] [11] [12] [13] [14] vessel walls, [19] [20] [21] 28 and subcutaneous loose connective tissues. 29 Moreover, Sox10 plays a role in tumor formation of melanoma. 30 Lineage tracing and advanced imaging techniques have been widely used to study cell differentiation during development. 31 Here, by using Sox10-Cre/ Rosa-LoxP-RFP and Wnt1-Cre/Rosa-LoxP-RFP mice, we found Sox10 + cells or their derivatives could differentiate into pericytes and SMCs in multiple tissues and organs, including those from neural crest: the carotid artery, brain, eye, thymus, heart, and also those from non-neural crest origin: the lung, spleen, and kidney. All these studies indicate a broader role of Sox10 + cells in vascular development and the potential role of Sox10 + cells in adult tissue remodeling.
We found a big variation in the percentages of RFP + vessels in different organs. The high percentages of RFP + blood vessels in the brain, eye, and thymus of Sox10-Cre/RosaLoxP-RFP and Wnt1-Cre/Rosa-LoxP-RFP mice are consistent with previous quail-chick chimera studies that these organs are derived from neural crest. [3] [4] [5] The low percentage of RFP + blood vessels in the heart of both mouse lines is consistent with previous report that neural crest cells only have a small contribution to coronary vessels. 18 Although our results suggest that Sox10 + cells only contribute to low numbers of blood vessels in the lung, spleen, and kidney and have no contribution to liver vasculature, during normal development, the numbers may go up on cell expansion after injuries or diseases. [19] [20] [21] It is worth noting that there could be organ-specific regulatory mechanisms. Studies of Sox10 distal cis-regulatory element of the progenitor of vascular mural cells may also provide more insights into vascular remodeling.
Heterogeneity has been reported in pericytes and SMCs, even in the same organs. 1, 2, 32 For example, brain pericytes have distinct morphologies, markers, and functions along the arteriole-capillary-venule vasculature bed. 33 The expression of smooth muscle α-actin is weak in the brain pericytes in the middle of capillary bed; however, those in the arteriole-capillary interface express strong smooth muscle α-actin and play an important role in blood flow control. 33 The brain vascular mural cells in the arteriolecapillary interface have the properties of both pericytes and SMCs, which makes it hard to define their identities as pericytes or SMCs and causes controversies between research groups. [33] [34] [35] Further study is needed to investigate the contribution of Sox10 + cells to different subpopulations of vascular mural cells, which may help understand the heterogeneity of vascular mural cells.
Another Sox10 reporter mouse line, Sox10-Venus, was developed for real-time monitoring of Sox10 expression, which is a useful tool for investigating Sox10 + cells during tissue remodeling, especially after injury. 12 Our study suggests that Sox10 + cells do not participate in liver vascular development, which is consistent with the results from Sox10-Venus mice. 12 The transgene-driven reporter patterns of Sox10-Venus and Sox10-Cre mice are similar as illustrated by previous reports and current study, 12, 13 although there may be minor differences as a consequence of position effect, which needs further investigation.
In conclusion, our results suggest that Sox10 + cells contribute to vascular development in most but not all the tissues and organs, including those from neural crest and non-neural crest origins. Because this Sox10-Cre mouse is not inducible, we could not determine at which time point Sox10 is activated. Sox10-Venus and inducible Sox10-CreER mice will be valuable for the future studies on the role of Sox10 + cells and their derivatives during vascular development and adult tissue remodeling.
